Numerous applications are calling for electronics capable of operation at high temperatures where conventional Si-based electrical devices fail. In this work, we show that graphene-based devices are capable to perform at an extended temperature range up to 500 • C without noticeable thermally induced degradation when encapsulated by hexagonal boron nitride (hBN). The performance of these devices near neutrality point is dominated by thermal excitations at elevated temperatures. Non-linearity pronounced in electric field-mediated resistance of the aligned graphene/hBN allowed us to realize heterodyne signal mixing at temperatures comparable to that of the Venus atmosphere (∼ 460 • C).
A growing demand for high-tech devices in applications ranging from oil industry and geological research to aerospace engineering and missions to Venus are generating needs for compact high-temperature electronics and sensors capable of stable operation in extreme environments. Nowadays most of the standard commercially available electronics fail to operate above 260 • C due to increased leakage currents, decreased dielectric breakdown energy, irreversible thermal damage, etc 1 . As an alternative, the concept of graphene and hexagonal boron nitride (hBN) van der Waals heterostructures provides a method of layer-by-layer engineering of electrical devices out of two-dimensional (2D) materials with atomic precision 2, 3 . Considering its outstanding electrical 4, 5 and mechanical properties 6 , graphene has a potential to become an excellent material for next-generation electronics, while hBN encapsulation guarantees high device quality 7, 8 and provides good chemical protection from the environment [9] [10] [11] . Calculations predict a phenomenal stability of graphene with a melting point above 4500K 12 , while recent experimental evidence already suggests a capability of Joule self-heating hBN-encapsulated graphene filaments to operate well above 2000K [13] [14] [15] . Provided that such systems could be adapted to the use in high temperatures 16 , they have a potential to become a competitor to recently developed Silicon Carbide (SiC) based electronics, which were shown to have the capability of operation at ∼ 460 • C 17 .
In this work, we show that graphene-based electronics can operate in temperatures up to 500 • C by a complete encapsulation in protective layers of hBN. We investigated the operation of both field effect transistor (FET) and capacitor based on hBN/graphene/hBN heterostructures. A FET device with crystallographic alignment a) These authors contributed equally b) Electronic mail: artem.mishchenko@gmail.com between graphene and hBN was also examined for the potential application as a high temperature heterodyne frequency mixer.
In order to access a high temperature regime, we assembled a furnace with a local resistive Joule heater inside a vacuum chamber, where most of the measurements were performed. Using turbomolecular pumping station we kept vacuum below 10 −5 mbar during measurements. The temperature was measured with a resistive temperature detector (PT1000) fixed in the proximity of a sample and controlled through the PID feedback loop. Using a standard dry-transfer procedure of mechanically exfoliated flakes 8, 18, 19 , we fabricated a device with a singlelayer graphene encapsulated within two flakes of hBN on quartz substrate. A few-layer graphene (FLG) flake was used as a bottom gate to locally tune the carrier density of single-layer graphene. As shown in Fig. 1a , the leakage tunnelling current through the bottom hBN reaches 1 nA with 0.53 V/nm at 23 • C and 0.07 V/nm at 400 • C (assuming a minor out-of-plane thermal expansion of hBN 20 ). Although the direct tunnelling becomes prominent at excessive gate voltage, V g , the conductive properties of graphene channel are not disturbed by minor leakage currents near the charge-neutrality point of graphene. Zero gate voltage tunnelling conductance roughly follows Arrhenius dependence with the activation energy of the order of 0.1 eV. This energy is much lower than the expected height of graphene/hBN tunnelling barrier (around 1.5 eV, as from Ref. 21 ), and is probably related to thermal activation of defect-induced transport across hBN interface.
We observed an unobstructed modulation of the channel resistance, R ch up to 400 • C (Fig 1b) . To demonstrate that graphene was not degraded throughout multiple heating cycles, we performed detailed Raman spectroscopy of the device before and after the operation at 400 • C. The Raman map was taken across the area of the device. As shown in Fig. 1c , the full width half maxi- mum (FWHM) of the 2D peak of graphene has increased in a region above the bottom gate. This effect can be attributed to the increasing contribution of Raman signal arising from the bottom FLG 22 , since the geometry of the affected region follows that of the underlying flake (see the inset of Fig. 1a ). Away from this region, there was no significant change in FWHM of the 2D peak of graphene indicating that no mechanical stress was introduced after the thermal treatment with only minor differences in strain 23 across the device present as FWHM varies at ±2 cm −1 . We also show typical Raman spectra obtained away from the proximity of the bottom gate in Fig. 1d before and after the thermal cycles. There is no significant change in the normalized intensity, FWHM or positions of graphene-related peaks, indicating that no notable thermal damage introduced in the hBN encapsulated single-layer graphene flake.
Most of our high-temperature measurements were taken in a vacuum. For experiments performed in air, we found that performance was similar to that measured in vacuum, up to 450 • C. We noticed, however, an increased device resistance and a shift of the neutrality (Dirac) point suggesting the introduction of inadvertent doping and deterioration of contacts. Comparing these observa-tions with results of high-current electronic transport in graphene/hBN heterostructures [13] [14] [15] (where devices were at high temperatures, but graphene/metal contacts were at ambient temperatures due to efficient thermal dissipation), one can suggest that graphene/metal contacts affect the device performance in an oxidising environment at high temperatures. Although hBN encapsulation is very robust both in a vacuum and in the air, finding suitable electrical contacts would require further studies.
On average, samples were subjected to three thermal cycles from room temperature to 500 • C, with 4 − 5 hours on average above room temperature, 1.5 hours above 200 • C, and 0.2 − 0.5 hours above 400 • C (excluding time used to change temperatures). Time spent at temperatures above 400 • C was limited by the overheating of the vacuum setup. We did not observe any deterioration of the sample performance after thermal cycling in a vacuum -in contrast to our observation in ambient conditions.
Thermally induced broadening of the resistance peak at the neutrality point and increase of a general profile of resistance due to the increase in contact resistance noticeably decreases two-point conductance of graphene, G = 1/R with temperature, as indicated in Fig. 1b . This, nevertheless, shall not be mistaken for a decrease in graphene sheet conductivity, σ sheet . In fact, a gradual smearing of the Dirac peak at V g ∼ 0 suggests that minimum of conductivity of graphene, σ sheet near the charge neutrality point is limited by increasing baselevel of thermally excited charge carriers 24 in the system, n min (T ). To quantitatively study this effect, we fabricated a hBN/graphene/hBN based parallel-plate capacitor within which the single-layer graphene serves as one plate and another gold pad deposited on top of hBN serves as the other plate (see the inset of Fig. 2a,b ). The capacitance between these two plates was measured by a room temperature bridge (AH2700 model). Since singlelayer graphene has low carrier density close to the neutrality point, it manifests as quantum capacitance 25 , C Q in series with a geometric capacitance, C Geom ; thus, modifying the total capacitance of the device (see Fig. 2a ):
The quantum capacitance is directly related to the density of states, D in graphene, C Q = e 2 D, so that the dependence of quantum capacitance on E F (V g ) can be deduced. For pristine graphene chemical potential, µ can be taken as µ = E F =hν F √ πn, where ν F is the Fermi velocity. The C Q −µ curves presented in Fig. 2b , show that C Q plateau forms in a proximity of µ = E F ∼ 0, which is not predicted by the simple model of quantum capacitance for a perfect undoped monolayer graphene and is attributed to the coexistence of thermally excited electrons and holes 26 . We extracted the values of a minimal charge carrier density level, n min (T ) from the C Q plateau baseline, and calculated the corresponding chemical potential µ min (T ) ∝ n min (T ). As shown in Fig. 2c , the calculated values follow k B T ≈ |µ min (T )|, which indicates that thermally excited charge carriers dominate the transport properties of graphene near the charge neutrality point at high-temperatures, producing a similar effect to what was observed at cryogenic temperatures but due to electron-hole inhomogeneity caused by the substrate 26, 27 .
We took one step further in assessing the thermally influenced performance and stability of hBN/graphene/hBN heterostructures by studying a FET device with graphene aligned to one of the hBN flakes. Lattice parameters of graphene and hBN are different by only ∼ 1.8%, making it a perfect system for studying the superlattice 28, 29 . The superlattice potential leads to a significant alteration of the band spectrum of graphene and thus the formation of secondary Dirac points (SDP) at sub-energies:
where λ M (θ, ) is the wavelength of the moiré pattern forming on graphene/hBN interface at a certain angle, θ. The moiré wavelength is highly sensitive to changes in alignment angle 28, 30 , θ and strain, across the sample 31, 32 , making an observation of SDPs a sensitive probe for any mechanical effects produced by a thermal treatment. We made an aligned hBN/graphene/hBN device and examined the evolution of SDPs in quantum capacitance approaching from 0.3K to 380K. Fig. 3a shows a number of minor SDPs appearing at sub-energies, which can be attributed to the inhomogeneity of strain across the sample 31, 32 or the second-order modification of graphene electron structure by the top hBN flake 33 . The capacitance spectrum is dominated by the most pronounced sharp peak at E SDP = ±0.196 eV, indicating a nearly perfect alignment between graphene and hBN, i.e. λ M ≈ 13.9 nm and θ ≈ 0 • . In capacitance measurements at high temperatures, the SDP smears out due to thermal excitations. The SDPs, however, were found to be more pronounced in the two-probe resistance of graphene at > 100 • C. We assessed transconductive properties of the device up to 300 • C. Fig. 3b shows that the SDPs significantly broaden with increasing temperature for both positive and negative applied gate voltage, V g , but yet remain observable in the whole tested temperature range. The aligned FET device has a significantly non-linear response in respect to the applied gate voltage, V g . This is a characteristic feature of the electronic structure of the aligned graphene/hBN heterostructure, which remains dominant up to extremes of the studied temperature range, as can be noted from Fig. 3b . This non-linearity endows graphene with potential applications in signal processing and modulation techniques, such as heterodyne frequency mixing 34 .
A heterodyne mixer is used to create new frequencies by mixing two signals of certain frequency, f 1,2 , and has wide application in wireless communication area. The output of such operation would produce two distinct signals on frequencies of f 1 ±f 2 . During our prototype tests, we applied 5 V peak-to-peak AC signals to both gates of the device, as indicated in Fig. 4a , with f 1 = 1.001 MHz and f 2 = 0.999 MHz, respectively. Signal with a frequency of 2 kHz was clearly distinguishable both at 23 • and 500 • C (Fig. 4b) , although signal-to-noise ratio (SNR) reduces from ∼ 674 at room temperatures to ∼ 7 at 500 • C. Nevertheless, this is the first demonstration of capabilities of graphene used as heterodyne mixer even at high temperature. We did not observe any declines in the performance of our frequency mixer up to ∼ 1 MHz limited by the equipment we used. From the channel resistance and parasitic cable capacitance we estimate the cut-off frequency should be in the range of 5 − 10 MHz, which can be substantially improved by careful design of the transmission lines.
In conclusion, we demonstrated that devices based on hBN/graphene/hBN heterostructures are capable of operation in high temperature range. No notable degradation of the device properties was observed with temperature up to 500 • C, higher than the temperature of Venus atmosphere. Transport behaviour of graphene at elevated temperatures was dominated by thermal excitations, especially close to the neutrality point, giving rise to a plateau in the capacitive spectrum. The nonlinearity resulting from the recursive energy spectrum of aligned graphene/hBN superlattices makes graphene ap- 
